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A consistent interpretation of the magneto-optical spectra of spinel
type ferrites (invited )

W. F. J. Fontijn, P. J. van der Zaag,? and L. F. Feiner
Philips Research Laboratories, Prof. Holstlaan 4, 5556 AA Eindhoven, The Netherlands

R. Metselaar
Department of Solid State Chemistry and Materials Science, Eindhoven University of Technology,
P.O. Box 513, 5600 MB Eindhoven, The Netherlands

M. A. C. Devillers
Research Institute for Materials, High Field Magnet Laboratory, P. O. Box 9010, 6500 GL Nijmegen,
The Netherlands

Through a systematic investigation of the complete dielectric tensor, between 0.5 and 5.0 eV, of
Fe;O, and of related spinel ferrites, i.e., Mgi®y, LiygFe 50,4, NiFe,0,, and CoFgO,, we have
established that intervalence charge transfer and intersublattice charge transfer transitions dominate
the optical and magneto-optical spectribetween 0.5 and 5.0 g\bof all spinel ferrites of the
general composition M&e;_,O,. In all cases examined the same set of intersublattice charge
transfer transitions was observed. These are the only transitions observed in the cases where Me is
a nonmagnetic iorfMg?*, Li*). In the cases where Me is a magnetic i®& ", Ni*", Co")
additional intervalence charge transfer transitions are observed,Qpi®ethe only spinel ferrite

with a major contribution of crystal field transitions to the magneto-optical spectrum. The observed
presence of only two intense crystal field transitions in specifically gofés explained. The
observed relative strengths of these two transitions in gOfein which remarkably the upper
transition at 1.82 eV is more intense than the lower transition at 0.83 eV is also explained in a crystal
field analysis. ©1999 American Institute of Physids$§0021-897@9)42508-3

I. INTRODUCTION abled the assignment of all major transitions in,®g to

) ) ) ~ intervalence and intersublattice charge tran§fB/fCT) and

Spinel type ferrites are compounds with the cubic spinel|ScT), respectively transitions.
type structure and the general formula JA€*,0,. In Essentially the same method was used to reexamine the
most important magnetic ferrites Me is a divalent metal catyj0 spectra of LjgFe, 0, MgFeO,, NiFe0,, and
ion. In a “normal” spinel ferrite the divalent Me ions are CoFe0O, between 0.5 and 5.0 eV from literature d&fghis
located on the tetrahedral sites;Bg, or magnetite, crystal- analysis revealed that the common feature of all spinel fer-
lizes in the inverse spinel structure, with cation distributionrites of the general type MEe;_,O, with Fe* ions on both
(Fe"")[FE"Fe*]0,. In this structural formula the parenthe- tetrahedral and octahedral sites, is a set of ISCT transitions
ses denote tetrahedral sites and the square brackets denpt&ween 2.5 and 4.0 eV. These transitions dominate the spec-
the octahedral sites. Most of the properties of ferrites havérum for those spinel ferrites where Me is a nonmagnetic ion,
been thoroughly studied and are well documenritétfow-  for instance, M§* or Li*. In Fe;O, several IVCT transi-
ever, the electronic structure of f&, and that of related tijons betweenF€*] and Fé" are main contributors. In
compounds is still a subject of debate. The rather complexiFe,0, an IVCT between[Ni?*] and [F€®"] is a main
electronic structure of transition metal oxides in general hagontributor. In CoFgO, crystal field(CF) transitions of tet-
led for FeO, and related ferrites to a confusing variety of rahedrally coordinated 6 and an IVCT transition between
interpretations of the optical and magneto opti®dD) Kerr  [Co?"] and[Fe€* "] contribute significantly below 2.5 eV.
spectra, due to different assignments of the observed
transitions>—® Il THEORY
Recently, we measured both the optical and MO polar

Kerr spectra of pure R®, and of Mg - and APF*- A. Intervalence charge transfer transitions

substituted FgO, and from these the complete dielectric ten- IVCT transitions are transitions in which an electron,
sors of these compounds between 0.7 and 4.0 eV wergq,gh optical excitation, is transferred from one cation to a
determined. Subsequently, the MO spectrum of 8 be-  heighboring cation. Compounds containing an element in
tween 0.7 and 4.0 eV was resolved through fitting simultay o gifferent oxidation states, mixed valence compounds,
neously both the diagonal and the off-diagonal elements 0ftien show intense absorption in the visible region which can
this tensor with a single set of transitions and this consisyg giriputed to IVCT transitions. Examples include halides
tently for all partially substituted ferrite samples. This en- [for instance PENHs),Cls], cyanides [for instance
KFe,(CN)g] and oxides(for instance P§0,).° Another ex-
dElectronic mail: zaag@natlab.research.philips.com ample of such a compound is §&,, which contains F&"
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FIG. 1. Schematic representation of the electron energy levels of the Fe ions
in Fg;0,, including the relevant ISCT transitions. FIG. 2. Simplified diagrams of potential energy versus configuration coor-
dinate for two equivalent site®) and for two nonequivalent siteb).

and FE™. In this case, the IVCT bands can be considered agation site, a metastable situation results. The lifetime of this,

the result of electronic transitions between weak Fe—F¢n essence, excited state will be short, as the activation en-

bonding and antibonding orbitals which are a result of overgrgy for the electron to revert to the ground state through
lapping Fe(3)orbitals, across the shared edges of adjacenfhermal charge transfer is sm&ft°

Fe—O polyhedra. In ®, the electron transfer between
F&" and Fé™ may be mediated by © ions, in particular B field o
when e, orbitals are involved. In such a case, the transfer Crystal-field transitions
occurs more readily for smaller electrostatic polarization of  To examine which 8 crystal-field (CF) transitions are
the & ions>° Between Fet,y orbitals direct electron possible in spinel ferrites, we first discuss;6g. CF transi-
transfer is possible as a result of the overlap between thed®ns of ions on octahedral sites are parity forbidden for any
orbitals. The key distinction between IVCT transitions andion due to the inversion symmetry. In addition CF transitions
CF transitions is that the former involves two cations whileinvolving F€" are also spin forbidden. CF transitions of
the latter is a single-ion transition. As a result, the parityF€®™ on theA sites are slightly parity allowed due to the lack
selection rule is relaxed for IVCT transitiohs.Note that  of inversion symmetry in the crystal field at that site. How-
IVCT transitions between Bé ions on different crystallo- ever, CF transitions of Fé on tetrahedral sites do not occur
graphic sites, as depicted in Fig. 1, are traditionally calledat optical frequencies, as the term of a freé'Fen is non-
ISCT transitions:! For reasons of clarity we will continue to degeneratel(=0). CF transitions of M&" on A sites are
refer to these transitions as ISCT transitions. spin allowed and slightly parity allowed, however, the Fe
The role of the lattice in IVCT transitions may be dis- cations in FgO, have a strong octahedral site preferehce.
cussed qualitatively with a configuration coordinate diagranAs a result, in FgO,, CF transitions have a low oscillator
as presented in Fig. 2 where each of the two paraboles costrength. In mixed ferrites, however, the inversion symmetry
responds to the electron being situated at a distincP$ier.  on B sites can be lost due to distortion of the octahedral
two equivalent sites Fig.(d) applies, the dotted line repre- symmetry, which may lead to stronger CF transitions. Fur-
senting the potential energy in case of a partly delocalizedhermore, in ferrites with ions in the high spin state An
electron. As illustrated by the arrow, upon absorption of asites, for instance G6 ions in cobalt ferrite, CF transitions
photon with an energy equal B, the electron is transferred of considerable strength may be observed.
from one site to another. The transfer occurs on an electronic  The electronic structure of the €0 ion (d”) in tetra-
timescale which the lattice cannot follow due to the largehedral coordination is equivalent to that @t in octahedral
ionic masses. As a result, the lattice coordina®®, does not  coordination. According to standard crystal-field thédry
change during the transitiofffranck—Condon principleln-  the ground state is %A, state, while the excited states are
dicated in this figure is also the activation energy for thermak “T, and two *T, states, of which the lowest is derived
charge transferEy,. The case of two nonequivalent sites is mainly from *F, the highest mainly frontP. The only al-
depicted in Fig. ). As this figure indicates, optical IVCT lowed optical transitions are from tffé, ground state to the
transitions between cations on nonequivalent sites occur awo “T, states. The splitting as well as the intensity ratio of
higher energies than comparable IVCT transitions betweethese two lines are most conveniently obtained in the strong-
cations on equivalent sites. Furthermore, the thermal activdield scheme, where the configuration of the ground state is
tion energy is larger which may lead to localization of thet3 and the*T; states aré*T,(t3e))=(|*F)+2|*P))/,/5 and
electron in absence of optical excitation. Finally, if the elec-|*T,(t,€?))=(—2|*F)+|*P))/y5. One findshw. = (158
tron is optically transferred to a neighboring nonequivalent+ 3A +R)/2 and
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FIG. 3. Relative maximung,, value for the IVCT transitions; VEFE™]
content(Mg?* substitution and vs[Fe**] content(AlI®* substitution.

|*T1(—))=—sin a|*T,(t3e)) +cos a|*T(1,€2)), (1)
|*T1(+))=cos a|*T,(t3e))+sin a|*T(t,6?)), 2

with R=/(9B—A)?+144B° and tan 2=12B/(9B—A),
whereB is the C6" Racah parameter amil is the crystal

field splitting betweert, ande orbitals. Thus the mean fre-

guency and the splitting of the lines afi@ =158+ 3A and

|hw, —ho_|=R. Since in an ordinary dipole transition only

Fontijn et al.

only nonzero dipole matrix element is that betwééa(tg)
and“Tl(t%e). Therefore the intensity ratid, of the lines is
given by

_ |[4A2—>4T1(_)] W
—W—Ztaﬁa. 3)

It follows that the maximum valué can reach is 5/9when
a=1l4).

In conclusion, the only two MO active CF transitions
which are allowed for the spinel ferrites considered here are
4A,—4T,(F) and*A,—*T,(P) of tetrahedrally coordinated
ions in the spin state, i.e., €0 on A sites.

Ill. RESULTS AND DISCUSSION
A. Fe;0,

We unraveled the MO Kerr spectrum of & between
0.7 and 4.0 eV by applying a rigorous fitting procedure in
which all four elements of the dielectric tensor of;Be
were fitted simultaneouslyusing the equations of the ele-
ments of the dielectric tensor which describe the basic line
shapes of transitions in the microscopic theory. In addition,
the complete dielectric tensors of & and of partially
Mg?* or AI®" substituted FgO, were fitted consistently
with a single set of transitions for all samplegs shown

a single electron can be promoted to an excited orbital, thén Fig. 3, the relative intensity of certain MO transitions

TABLE I. The main MO-active transitions in §®,, MgFe,O,, Liyse 0,4, CoFeO,, and NiFgO, between
0.5 and 5.0 eV. Listed are transition energy{eV], linewidth T' [eV], intensity (e,,)max, and assignment.
Typical errors forw, T, and (e,,) maxare +0.02,+0.03, and=0.002 eV, respectivelyNote that the parentheses
denote tetrahedral coordination and square brackets octahedral coordjnation.

IVCT IVCT IVCT

IVCT

ISCT

ISCT

ISCT

[FE' Ity [FE Ity [FE Ity [FETIt,, (FENL, [Fe¥'le, (FEL,

— — — — — —
Sample Assignment[F&*]t,; [F€ley (F€*)e (FE)t, [FE ]ty (FEMt, [F& e,
Fe;0, ) 0.56 1.94 3.11 3.93 2.61 3.46 3.94
r 0.21 0.45 0.61 0.37 0.20 0.42 0.51
(€xy) max —0.085 0.044 0.031 —-0.039 —0.004 0.014 0.065
shape para para dia dia dia dia dia
MgFe,0O, ) 2.64 3.47 3.95
r 0.30 0.31 0.56
(€xy) max —0.009 0.022 0.032
shape dia dia dia
LigsFe 504 ® 2.63 3.46 4.09
r 0.23 0.39 0.64
(€xy) max —0.026 0.036 0.050
shape dia dia dia
CF CF IVCT
(Co*)  (Co*) (M?%]
AA,— AA,— —
‘TP “Ty(P) [F& 1ty
CoFeQ, ) 0.83 1.82 2.21 +2.60 3.55 4.00
r 0.10 0.18 0.25 0.29 0.50
(€xy) max —0.056 —0.076 —0.054 <0.001 0.013 0.030
shape dia para para dia dia dia
NiFe,0O, ® 2.86 2,57 3.46 4.03
r 0.53 0.22 0.54 0.67
(€xy) max 0.023 —0.007 0.011 0.017
shape dia dia dia dia
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B. MgFe,0,,Li,sFe; 5404, and NiFe ,0,

0.2

@ As seen in Table |, the three ISCT transitions are the
—=— only major transitions in MgkE®,. This is to be expected,
| o1 T 0% since the F& ions responsible in R®, for the intense
= Tot IVCT transitions are replaced by the nonmagnetic?MgIn
z 007 Fig. 5 the fit of the real and imaginary parts of the off-
g o) diagonal element of the dielectric tensas,, and €, of
%_,’ 01T N Lig sF& 50, is presented. In kisFe, O, the same three ISCT
— transitions are identified. The fact that the intensities
0.0 9 3s3 are in this case substantially higher is to be expected as
this compound contains a larger amount of
01 ; ; ; ; ; [F€*], which is one of the participating ions in the
0 02 0.4 06 transitions>'° We also observe several weak and narrow ad-

AIR* content———>

ditional transitions. These are most likely CF transitions of
FIG. 4. Change in energy upon¥l substitution for the IVCT transitions in ~ [F€>*] for which the parity selection rule is relaxed, since in
Fe;0, at 0.56 and 1.94 eVa) and at 3.11 and 3.93 el). LiosFe, s0, the inversion symmentry of octahedral sites is
lost. Note, that these CF transitions are still spin forbidden
which can account for the fact that these transitions are sig-
nificantly less intenséby a factor 10 to 2pthen the allowed

CF transtions in CoR©®, (see Sec. lll ¢ The same set of
ISCT transitions is also observed in yttrium—iron—garnet
(YIG)! and dominates the spectrum efFe,0; which has

depends on bothMg?*] (which substitute§Fe?*]) and on
[AI®*] (which substituted F€®"]). These transitions can

therefore be identified unambiguously as IVCT tran5|t|onsthe same shape as that of MgBg. In the latter case, Me is

As a consequence, all the major transitions in thgdzeMO _in fact a vacancy?® In NiFe,0, we again observe this set of

Kerr spectrum could be assigned to IVCT and ISCT trans"lSCT transitions. In addition, we observe a strong, relatively

tions basgc_i on _the energy Iev_el sc_heme depicted in Fig. %road transition at 2.9 eV. This transition is assigned to an
The transm.ons. |dent|f|9q are given in Table I.. - IVCT transition betweefiNi2*] and[ F&** 18 consistent with
The shifts in transition energy upon substitution furthery,e pserved absence of magneto-optical transitons in the
confirm these assignments. _Thli L 4Iatt|ce parameter  Okq atorial Kerr spectrum d¢Fe[NiCr]O, between 1 and 5.4
Al Fe;-, O, decreases linearly wnjg+’ the decrease tiemg eV.Y Also, the strength and width of this transition is con-
due to the small ion radius dfAI""] relative to [Fe*]. _ sistent with similar transitions in §®,. Furthermore, as fol-
Furthermore, the energy of an IVCT transition changes Withgys from Fig. 2, the energy of an IVCT transition between
the internuclear distance of the participating cations as Fig. 2,0 different cations is expected to be substantially higher

indicates. In Fig. 4 the change in energy of the IVCT transi-than that between two identical cations, which in@goc-
tions at 0.56 and 1.94 e{4) and at 3.11 and 3.93 elb) as s at 0.55 eV.

a function of AP* content is shown. We observe, first, that

the changes in energy are proportional to thé*Atontent,

after an initial jump which we have related previously to theC- COF€204

perturbation of the octahedral symmetrgnd second, that We have taken the complete dielectric tensors of
the magnitude of the energy shift differs remarkably for theCoFeO, and CoAlFe, ,0,(x=0.1, 0.6, 3 from Martens
two sets of transitions. As shown in Table I, the transitions aet al®° All four elements of the dielectric tensors of
0.56 and 1.94 eV are of the octahedron-octahedron type with
a direct overlap of the orbitals involved. In contrast, the tran-
sitions at 3.11 and 3.93 eV are of the octahedron-tetrahedror
type for which the charge transfer between the orbitals in-
volved is mediated by © . From the spinel-type structure
one infers that replacing one of the octahedrally coordinated ' g, |
iron ions will influence the relative positions of the surround- "

ing oxygen ions more than the positions of the remaining "z 01
octahedral cations relative to each other. As a consequence
ISCT transitions would be more sensitive to*Alsubstitu- -0.02 ¥
tion and the observed difference in energy shift is consistent
with the above assignment. The increase in the electrostatic
polarization of the &~ ion as a result of the small At ion 006 T
radius may be an alternative explanation for the observed ¢ o5 41 415 2 25 3 35 4 45 5
difference. The shifts in energy upon Rig substitution are hy [eV] >
relatively small & 0.05 e\ for all IVCT transitions. In this

case no linear dependence was observed probably due £ 5 The measurement and the fits of the real and imaginary part of the
slight variations in the cation distribution. ' off-diagonal element of the dielectric tensef, and ey, , of CoFgO,.

0.06

— meas. - fit exy v fit 8xy
0.04 T -,

-0.04 +
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D. General discussion

In Sec. Il B we put forward theoretical considerations
why in ferrites only ions in the high spin state drsites are
expected to exhibit CF transitions of considerable strength.
The available literature confirms this. First, in the equatorial
Kerr spectrum of(Fe[NiCr]O, between 1 and 5.4 eV no
transitions whatsoever are fouhthuling out the presence of
CF transitions of Ni* ] and(F€*"). Second, in the dielectric
tensor of (F&,Cat)[Fe 1L 4AIST]10, only the two
transitions assigned to CF transitions (6fc?*) are promi-

— meas. o+ fitg,’ vfits, nent. The region between 2.5 and 4.5 eV is featureless al-

-0.12 ; ; = = = = ; = ; though less than half of thig=e** ] is replaced in this com-

o 05 1 15 2 25 3 35 4 45 8 pound compared to CoF®,. This makes the presence of CF
wiev) /> transitions of[Fe** ] improbable® Third, minerals contain-
FIG. 6. The measurement and the fits of the real and imaginary part of thé1d F&" only are nearly colorless while simultaneous pres-
off-diagonal element of the dielectric tensef, and e}, of Lio &Fe, {O;. ence of F&" and Fé" gives rise to intense absorption bands
in the visible regiorf* As a result, the presence of CF tran-
sitions of [F&"] in the visible range is improbable for
Fe;0,.
CoFe0O, and CoA|Fe, ,0, were fitted simultaneously us- It has also been proposed that oxygem t» metal 3
ing a single set of parameters for all spectra, thus allowingharge transfer transitions contribute to the optical spectra of
trends in intensity upon Al" substitution to be detected. One spinel ferrites. However, these transitions are expected to
must be aware that Cofffe,_,O, changes from inverse to take place at energies well above 4 eV and to be more in-
normal spinel betweer=0 andx=1.2, i.e., C8" migrates  tense and broader than the transitions observed in the optical
to the tetrahedral site. In Fig. 6 the fit of the real and imagi-range. See, for instance, the transition near 6 eV yOFé
nary parts of the off-diagonal element of the dielectric tensor,  Most significantly, neither CF transitions, nor oxygem 2
€yy and e}, , of CoFg0, is presented. The transitions iden- to metal 31 charge transfer transitions explain why the in-
tified are given in Table I. The observed transitions aboveensities of certain transitions in the MO spectrum of®g
2.5 eV are the same ISCT transitions observed in all spinefiepend on bothF€#* ] and[Fe** ], while other transitions do
ferrites® Furthermore, at 2.21 eV an IVCT transition be- not. By contrast, for IVCT transitions this is a preposition. In
tween[Co?*] and[Fe** ] is identified. As can be expected conclusion, the assignment to IVCT transitions of the major
from Fig. 2, the energy of this IVCT transition between two transitions in FgO, explains the relative and absolute inten-
different cations is substantially higher than that betweersity, the relative and absolute energy, the width and line-
two identical cations which in §©, occurs at 0.55 eV.The  shape, as well as, the dependence of these on various substi-
remaining two transitions are the only transitions which haveutions for all observed transitions and does so consistently
still a significant intensity in CoAlFe@® indicating that they  for all spinel ferrites considered.
are single-ion transitions, which we identify as CF transition
of (Co™*). As shown in Table I, CoR®, is the only spinel |v. WwIDER SCOPE FOR IVCT TRANSITIONS?
ferrite with a major contribution to the MO spectrum of CF ) i .
transitions. The fact that we observe only two major CF tran- W€ now discuss the possible relevance of IVCT transi-
sitions, and specifically in CoR®,, is explained by the tions for other compouqd; thgn splnel ferrites. Since, the
crystal field analysis given in Sec. Il B. Note, that the width OCcurrence of IVCT transitions in mixed valence compounds

of the CF transitiong~0.15 e\) is generally a factor two
smaller than the width of the IVCT and ISCT transitions.
From the observed transition energies 0.83 eV and 1.8
eV one obtains for the Racah paramef+; 0.08 eV and for
the crystal field splittingA=0.48 eV. The value oA is in I
line with expectations for oxides, but the value ®is sig- 5+
nificantly smaller than found in standard estimates from r
trends in divalent transition metal ioASjndicating strong I
hybridization between cobalt and oxygen. These value: 34
yield, using Eq. 3, a theoretical prediction foequal to 0.41, -
while the observed intensity ratio is 0.25. The discrepancy it 2T
not serious and may partly be due to the difficulty of extract- I o
ing accurate values for the linewidth from the experimental A i e (1) e;’Tﬂﬂ B;‘?;o) £ (100)
data. Qualitatively, the above simple crystal field descriptior 0 ot . : . } :
explains the fact that the lowest energy transition is the 1 2 8 4 5
hvlgy}y ————>
weakest of the two, and thus lends further support for our
interpretation of these lines as ?.‘focrystal field transitions.  FIG. 7. Optical spectra of théLl11) and (100 oriented CoO monolayers.

-~

f »
€1 Exx
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TABLE II. Transitions identified in(111) and (100 oriented CoO layers magneto-optical spectrunﬁFe”)tzﬂ [Fe2+]t2g at 2.6 eV
With thicknesscoo- [Fé*le,—(FE)t, at 35 eV, and (FE),
Orientation dgqo (M) —[Fe*]ey at 4.0 eV. This holds both for those spinel fer-
rites where Me is the nonmagnetic Rgor Li* as well as

1y 162 ;’ S:gg g:gg g:ii 3:2421 for those where Me is the magnetic?Fe Co**, or Ni¢™.
(edma 1.22 246 176 282 For Me=Mg?*, Li* or other nonmagnetic ionr vacan-
cieg, this set of ISCT transitions is the main feature. In
(100 94 ® 270 346 429 483  FgO, also several IVCT transitions betwe¢Re’"] and
r 0.26 046 039 067  pe&i* contribute significantly[Fe?*]t,q— [FE"]t,, at 0.56
(€x)max 0.61 1.14 094 253

eV, [F&|t,y— [F€' ey at 1.94 eV [Fe Ity — (FEH)e

at3.11 eV, andFe*]t,,— (Fe€)t, at 3.93 eV. In NiFgO,

an IVCT,[Ni?*] —[Fe*" ]t,4 at 2.86 eV, is a main contribu-

is quite common, the spectrum of any compound which tor. In CoFgO, CF transitions of tetrahedrally coordinated

contains elements that can be present in two different oxida€c®*, (Co?*)*A,—*T,(F) at 0.83 eV and(Cc*")?A,

tion states and which exhibits relatively broad and intense—“T,(P) at 1.82 eV, and an IVCT transition,Co? ']

transitions in the optical range could be dominated by IVCT—>[Fe"-+]t2g at 2.21 eV, contribute significantly below 2.5

transitions. Possible candidates include,Gg® and manga- eV. There are indications for the presence of intervalence

nites where the charge transport is believed to be due toharge transfer transitions in other oxidic compounds such as

Mn®*—Mn** polaron hopping similar to the Fe—Fe*  CoO.

hopping in Fg0,.22~%* Here we present experimental data
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